In this paper, we propose an optimization problem of joint spectrum resource matching, power allocation and transmission time duration in energy harvesting (EH) aided device-to-device (D2D) communications underlying cellular network. Particularly, to increase the spectral efficiency (SE), multiple D2D links are permitted to multiplex the same resource block (RB) of cellular user (CU), and multiple cellular RBs are allowed to be reused by one D2D link. Taking into account the Quality of Service (QoS) of cellular users and the harvested energy of D2D links, our objective is to maximize the sum SE of D2D communications. Specifically, the joint problem is a mixed-integer nonlinear programming problem, which has been proved to be NP-hard. In view of this observation, a novel match-based resource allocation algorithm is designed, which contains two key sub-methods with a progressive relationship. First, a manyto-many matching game with externalities is developed, which produces spectrum reusing during each iteration. Second, on the basis of the spectrum matching, a resource allocation algorithm is presented by employing the Lagrange multiplier and Bisection search method. Finally, comprehensive simulation results are provided to demonstrate the performance of the proposed algorithm with different network parameter settings. Numerical results validate that the proposed algorithm can achieve near-optimal performance and significantly outperform the other matching strategies in aspects of SE.
time [6] , [7] . Hence, in recent, several important proposals for EH aided D2D communications have received extensive attentions [8] [9] [10] [11] . In [8] , two different spectrum access policies were provided for EH aided cognitive D2D communications underlying uplink and downlink channels, respectively. The authors of [9] developed a novel transmission mode selection scheme for an EH-assisted heterogeneous network, wherein mobile relays harvested the energy from access points to support D2D communications. In light of the intermittent and dynamic characteristics of energy arrivals, the authors proposed an offline power allocation problem to improve the energy efficiency [10] . Further, the authors of [11] designed the joint optimal beamforming and power allocation strategies to maximize the sum-rate of EH aided D2D communications underlying cellular network.
Noteworthy, different from the traditional D2D communications, the energy harvested to support communication is random and intermittent. This phenomenon indicates that the limited energy will become a new important factor in the design of resource allocation of EH aided D2D communications. Consequently, in order to satisfy the EH requirements in D2D communications, the careful resource optimization is highly beneficial.
A. RELATED WORKS AND MOTIVATIONS
Several related studies on resource allocation of EH aided D2D communications have been conducted. In [12] , the authors investigated the optimized power allocation problem for EH-powered D2D communication underlying single cellular network, in which the closed-form expressions of optimal power allocation for both cellular user (CU) and D2D user are obtained. Furthermore, in [13] , the downlink resourced reuse was considered between the CUs and D2D users with EH, wherein D2D users are only allowed to reuse one cellular spectrum resource at most. Under this scenario, the sum-rate maximization problem for EH aided D2D communications was formulated by jointly optimizing resource blocks (RBs) and transmit power, respectively. However, the mode that multiple D2D links are permitted to multiplex the same spectrum resource of one CU, was not considered. In addition, the authors of [14] designed an energy-aware space matching approach to solve the resource allocation problem in terms of spectrum and energy for EH-powered D2D communications underlying cellular network.
As discussed in the above, we find that these prior works have focused on a simple spectrum resource reusing mode. Under this simple scenario, the spectral efficiency (SE) of the entire system is disadvantaged when the transmission link is idle due to the limitation of harvested energy. Hence, to satisfy the requirement of SE, a further scenario, where multiple EH aided D2D links are allowed to reuse multiple spectrum RBs should be considered. Hereafter, when multiple D2D links multiplex the same RB, the requirement of transmission based on available energy at different time slots may be unbalanced, thereby causing serious mutual interference among different users. Therefore, designing a new efficient transmission schedule strategy for multiple EH aided D2D links is urgent to reuse multiple spectrum RBs of the cellular network further efficiently.
Our previous work in [28] focused on investigating a many-to-one matching model, where multiple D2D links multiplex the spectrum RB of one CU at most. The body of this work was to design novel resource allocation with two-sided preferences based on the matching game for heterogeneous cellular networks. In [15] , game theory was used to solve the interference-aware energy-efficient power allocation problem in D2D underlay communications, it can be applicable to the C-RAN-based LTE-A networks [16] . In the context of D2D communications, in terms of the bidirectional selectivity of each CU and D2D link, matching theory was broadly used to design distributed resource allocation algorithms [17] [18] [19] . For such combination problem, these matching game algorithms provided a distributed self-organizing and self-optimizing solution, and have guaranteed properties, such as stability and optimality. However, the traditional one-to-one and many-to-one matching scenarios do not fully use the spectrum resources, thereby causing a low spectrum efficiency. In addition, in contrast to the oneto-one and many-to-one matching game, the complexity of analytical methods for the many-to-many matching game is considerably much higher.
Motivated by this, we investigate a further practical manyto-many spectrum reusing system in this paper, in which multiple D2D links with EH are allowed to reuse multiple different spectrum RBs of cellular network. Under this scenario, we design a sum SE maximization problem taking account of the Quality of Service (QoS) and available energy constraints for improving the SE of D2D communications. In particular, to solve the NP-hard problem, we propose two key sub-methods with a progressive relationship based on matching game to optimize the spectrum RBs and transmit power of D2D links.
B. CONTRIBUTIONS
Different from the traditional one-to-one and many-to-one matching scenarios, in this paper, we take into account a further general scenario, where multiple D2D links are allowed to share multiple downlink spectrum RBs. Under this scenario, we design an optimization of joint spectrum RB, transmission time duration, and power allocation to improve the SE of EH aided D2D communications. Thus, the major contributions of this study are summarized as follows:
• Firstly, we formulate the sum spectrum efficiency maximization problem as a many-to-many matching game with regard to the constraints of spectrum reusing, the QoS of CUs and the limitation of EH in the considered system. Moreover, multiple D2D links are permitted to reuse the same resource block, and one D2D link is allowed to occupy the spectrum of multiple RBs.
• Subsequently, in view of the principle of the matching game, we design a novel two-step resource allocation algorithm. The first step is a many-to-many matching algorithm to produce a stable matching between CUs and D2D links. The second step is to employ the Lagrange multiplier and Bisection search method to find the optimal power allocation and transmission time based on the match result of the first step.
• Finally, we demonstrate that the proposed algorithm converges to the stable state over a limited number of iterations. Simulation results are provided to validate the accuracy of the proposed algorithm, which can achieve the near optimal performance as the exhaustive search. In addition, we compare the proposed algorithm with other algorithms under various parameter settings, which demonstrates the superiority of the proposed algorithm. The rest of this paper is organized as follows. In Section II, we introduce the system model and problem formulation. The proposed algorithms and related theoretical analysis are provided in Section III. Section IV demonstrates the simulation results and discusses the detail analysis. The conclusions are presented in Section V.
II. SYSTEM MODEL AND FORMULATION A. SYSTEM MODEL
Let us consider a cellular network with one BS, multiple CUs, and D2D links with EH in Fig. 1 , where D2D links are permitted to share the spectrum resource of CUs. All nodes are assumed to be equipped with one antenna, and the N c CUs and N d EH aided D2D links are randomly distributed over the cell area. Moreover, to facilitate the analysis, we generally consider that the BS lies in the center of the cell with radius r and manages the entire resource in the system. In addition, we consider the downlink scenario in the procedure of data transmission. Each CU occupies a resource block (RB), which can be reused by D2D links to improve the SE of the system. In general, we use B, C = c 1 , · · · c i , · · · c N c and D = d 1 , · · · d j , · · · d N d to represent the BS, CUs, and D2D links with EH, respectively. In addition, each RB employs the same index as each CU. Each transmitter of D2D link has an EH device and a rechargeable battery to store the harvested energy. The cellular communication is considered to be always available, and the D2D communication is only active with the sufficient harvested energy. In order to simply the model description, we assume that the whole system operates in a time-slotted fashion. The operating time T of D2D links is divided into K time slots with the k th time slot denoted as τ k , i.e., τ k = t k − t k−1 .
B. ENERGY CONSUMPTION MODEL
As shown in Fig. 2 , during each time slot, each transmitter of D2D links utilizes the harvested energy to send the message. In addition, in the time slot t k , each D2D transmitter can harvest the U d j,k units of energy, where U d j,k ≥ 0. To facilitate the assumption, the EH process is independent of each D2D link, in which the process of energy arrival is modeled as Poisson distribution with λ, as in [13] . Here, we assume that all the harvested energy is used to transmit the information, and all the incoming energy can be stored in the sufficiently large battery. Let E d j,k and p d j,k denote the available energy in battery and the transmit power for D2D link d j at time slot t k , respectively. During each time slot, the energy consumed by d j should not be larger than the energy stored in its battery currently. Thus, for the transmit power p d j,k of each D2D link, we have the following constraint.
where
C. TRANSMISSION AND NODE MODEL
In the considered scenario, we assume that the traffic model is full buffer, which indicates that the transmitting node always has the data to be sent in each time slot. Moreover, each D2D link is permitted to access multiple RBs of cellular networks, and each RB of CU can be reused by multiple D2D links. As shown in Fig. 3 , both the D2D links, which operate in the same RB, will simultaneously produce the interference at the CU. Meanwhile, the interference at each D2D link comes from the BS and other D2D links that occupy in the same RB. Now, in the followings, we will discuss the spectrum reusing scheme of the considered system in details. 
1) THE CONSTRAINTS OF SPECTRUM REUSE
Let the binary parameter x c i,j , x d j,i ∈ {0, 1} represent whether the CU c i and the D2D link d j to choose each other or not. Obviously, when
Now, we discuss the spectrum reusing constraint at each RB of CU c i . To simplify mathematical analysis, we first define |M (c i )| = d j ∈D x c i,j to indicate the number of EH aided D2D links simultaneously occupying the RB allocated to the c i . For the sake of guaranteeing the QoS requirement, each RB of c i is allowed to only be shared by M c max number of D2D links at most [18] . Hereafter, the spectrum reusing constraint can be obtained as follows:
Similarly, we define M d j = c i ∈C x d j,i to represent the number of RBs reused by d j simultaneously. Meanwhile, the D2D link d j is permitted to access M d max number RBs of CUs at most. Similar to the above, we have the following reusing constraint for each D2D link.
2) THE QOS CONSTRAINT OF CU As in [13] , compared to D2D links, the CU has a higher priority to utilize the spectrum, which means that there exists a minimum data rate of the CU.
In each time slot t k , the signal-to-interference-plus-noise ratio (SINR) for cellular user c i can be easily derived as follows:
where p d j,k and p B are the transmit power D2D link in each time slot and the transmit power of BS, respectively. g c i represents the channel gain between the BS and c i . g d i,j is the interference channel gain between d j and the RB of c i , and N 0 is the noise power. Thus, in each time slot, the SE of c i is given as follows:
Due to the higher priority of CUs, we introduce the following constraint to protect the QoS of CU, i.e.,
3) THE SE OF D2D USER Based on the above discussion, supposing that RB of CU c i is allocated to D2D link d j , in the following we give a detail analysis of SE for each D2D link. Let p d j,k ≥ 0 denote the transmit power of each D2D link at time slot t k , the SINR for the d j at time slot t k can be derived as
where I B,j = p B g B,j and I d j,j = p d j ,k g d jj . g B,j and g d jj are the interference channel gain between BS and d j as well as the interference gain spanning from other D2D link d j which operates in the same RB of CU. Then, in each time slot, the SE of d j can be obtained as
Now, the objective function of the considered system is formulated as the total SE during the whole transmission time T , i.e., k∈K d j ∈D R d j,k .
D. PROBLEM FORMULATION
On the basis of these equations, we aim to maximize the sum SE of all D2D links during the whole operation time underlying the cellular networks. Taking this into mind, we design a joint optimization problem about spectrum resource matching and power allocation as follows: which means that one D2D link can occupy at most M c max RBs and M max D2D links can share the same RB of CU. (10f) gives the feasibility constraint.
E. PROBLEM ANALYSIS
Obviously, from the problem (10), we can see that this problem involves the matching binary variable and other continuous variables, which is a non-concave mixed integer non-linear programming problem (MINLP) in terms of power allocation. Hence, this problem cannot be solved using the traditional mathematical optimization method directly. On the contrary, since the matching theory has the capability of self-optimizing and self-organizing solution, it is suitable for solving the resource allocation problem of wireless networks. Thus, to solve this NP-hard problem, we try to formulate problem (10) as a matching problem. Taking into account the preferences of D2D links and CUs, we employ a many-tomany match-based resource algorithm to maximize the sum SE and match the D2D links and RBs of CUs appropriately. The proposed algorithm will be described in details in the following section.
III. RESOURCE ALLOCATION ALGORITHM BASED MANY-TO-MANY MATCHING
In this section, the math-based resource allocation algorithm to the problem (10) for the many-to-many spectrum reusing scheme is explained, where multiple EH aided D2D links are permitted to share the same spectrum, and each D2D link can reuse the RBs of multiple CUs. The resource allocation algorithm is introduced as two sub-methods as follows. First, a many-to-many matching algorithm with externalities is presented between D2D links and the RBs of CUs. Then, based on the above matching results, a resource allocation algorithm is further proposed to optimize the transmit power and duration time, which is developed by Lagrangian constrained optimization and Bisection search method. Finally, we elaborate the matching stability, convergence and complexity of the proposed algorithm.
A. MANY-TO-MANY MATCHING BETWEEN CUS AND D2D LINKS
As illustrated in Fig. 4 , a many-to-many matching game problem is formulated between D2D links and CUs, and we give the definition as follows. 
Definition 1 (Many-to-Many Matching):
With the set of RBs of CUs C = c 1 , · · · c i , · · · c N c and the set of D2D links D = d 1 , · · · d j , · · · d N d , we define the many-to-many matching as a subset M ⊆ C × D, for ∀c i ∈ C and ∀d j ∈ D, when satisfies
The matching between the RBs of CUs and the D2D links are represented in conditions 1) and 2), respectively. Condition 3) represents the constraints of the matching number for each CU and D2D links, where multiple EH aided D2D links are permitted to operate in the same spectrum, while each D2D link can share the RBs of multiple CUs.
We give the definition
as the preference value for D2D link d j on CU's resource, and p c
as the preference value for CU c i on D2D link in each time slot. The preference lists P C and P D represent the sets of preference values for CUs and D2D links, respectively. In order to compare the preference values, a binary preference relation '' '' is utilized, which is reflexive, transitive and complete [13] .
'' to describe its preference over d j of CU, which can be expressed as
.
'' to describe its preference over CU c i of D2D link, which can be expressed as
Thus, it is easy to find the preference lists are related to the interference from the D2D links matched CUs, and the values are influenced by the matched RB of CU currently, and the D2D links which operate in the same RB. According to these, we can observe that the many-to-many matching is a matching game with externalities since each player has the dynamic preference list. Furthermore, the observation can be given as follow.
Remark 1: In matching theory, since each players, i.e., each D2D link and CU, have the dynamic preference lists over the opposite set of players, the proposed many-to-many matching is called the matching game with externalities. The preference value of players depends on the matching state and update in each slot.
Motivated by [19] , we propose a many-to-many matching algorithm in Algorithm 1. Unlike the conventional matching method [13] , it is allowed to swap operation, in which two D2D links exchange their current matched CUs to improve the sum utilities. Hereafter, the definition of the swap operation is described as follow.
Definition 4 (Swap Operation):
and (d j andc i ) / ∈ M , the swap matching function M i j ij can be described as
The swap operation allows two D2D links to switch ones of their matched CUs when the other D2D links and RBs of CUs matching are keeping unchanged. Based on these, the definition of swap-blocking pair is given as follows.
Definition 5 (Swap-Blocking Pair): D2D links pair
Condition 1) indicates that when the swap operation finished, the utilities of D2D links (d j , d j ) in Swap-blocking pair cannot be reduced. Condition 2) represents that the utilization of at least one of D2D links' (d j , d j ) has improved in the Swap-blocking pair. Hence, if two D2D links want to switch between two CUs and guarantee the performance improved, i.e., the SE of D2D links must be increased, the swap operations can take place between the swap-blocking pairs. On the basis of the definitions and description above, we now put forward the many-to-many matching algorithm as Algorithm 1.
• First, we randomly initialize the matching between D2D links and the RBs of CUs, transmit power and the duration time of each D2D link.
• In order to form a swap-blocking pair, each D2D link d j ∈ D look for another D2D link d j ∈ D further. If (d j , d j ) may form a swap-blocking pair along with c i ∈ M (d j ) and c i ∈ M (d j ), and satisfy the maximizing matching number constraints, the matching M will be updated to the new matching M i j ij . Otherwise, the matching keeps the current state.
• Repeat the above steps until in the current matching, no swap-blocking pair exists.
• Output the stable many-to-many matching M * between D2D links and CUs.
B. RESOURCE ALLOCATION FOR D2D LINKS
Based on the cellular QoS constraint, similar to [13] , we transform the interference of each RB of CU as
where I c i,j = d j ∈D
x c i,j x d j,i p d j,k g d j,i . This interference constraint will lead to a higher requirement of each D2D link at current matching. Thus, the QoS constraint (10b) can be transformed to the transmission power constraint form as follow:
Therefore, when the matching results are obtained according to the Algorithm 1, the problem (10) can convert an Find the swap-blocking pair for each D2D link 7: for d j ∈ D, d j ∈ D \ d j do 8: for c i ∈ C, c i ∈ C do 9: if (d j , d 
Obviously, the problem (13) can be proved that is convex in terms of p d j,k . According to the classic Lagrangian method of multipliers, we characterize the optimal power p d j,k and the transmission time t d j,k . The Lagrangian of (13) is given as
where θ j,k and δ j,k are the Lagrangian multipliers in terms of the constraints (10c) and (10d), respectively. Now based on the current matching results, we can obtain the optimalp d j,k andt d j,k aŝ , 
where [x] + denotes max{0, x}, andD is the set of D2D links which reuse the RB of c i currently according to the matching results in Algorithm 1.
By utilizing the Bisection method [13] , the proposed resource allocation algorithm is illustrated in Algorithm 2. With updating the Lagrangian multipliers θ j,k and δ j,k , the optimal power allocation and transmission time duration can be obtained. Hereafter, we can gain new preference values
∀d j ∈ D, based on the results of this iteration. We update the preference lists P D and P C by sorting the preference values in a descending order. By using the new preference lists P D and P C , the new matching result can be obtained according to the Algorithm 1. And we repeat the above steps until the results terminate when the number of iterations reaches the specified value.
C. CONVERGENCE AND STABILITY
In this subsection, the convergence and stability of the proposed many-to-many matching resource allocation algorithm are discussed in details. Theorem 1: The matching process in Algorithm 1 converges to the final state M * until limited number of rounds.
Proof: Please see the Appendix A.
Then, the stability of the proposed algorithm is analyzed theoretically in the following.
Theorem 2: The matching M * obtained the convergence of the proposed algorithm is a two-sided exchangestable matching.
Proof: Please see the Appendix B.
D. THE ANALYSIS OF COMPLEXITY
In the many-to-many matching procedure, the process of many-to-many matching between D2D links and CUs is to find the potential swap-blocking pairs. That means that the D2D links search for the available CUs to form the swap-blocking pairs. Therefore, the computational complexity of the proposed Algorithm 1 is O(N d N c ). In Algorithm 2, the computational complexity of resource allocation for any
and N dual k are the required Bisection iterations. In addition, we compare the complexity of the proposed algorithm with the random matching and exhaustive search based resource allocation algorithm. We can find that the complexity of the Algorithm 1 is the same as that of the random matching algorithm, and much lower than that of the exhaustive search method. Then we present the final complexities of the proposed algorithm and other algorithms in Table 1 . 
IV. SIMULATION RESULTS
In this section, all-round simulation evaluation of the proposed many-to-many matching-based resource allocation algorithm is provided under different system parameters. Specifically, the convergence performance of the proposed algorithm is discussed. We also quantify the sum SE as a function of the EH rate, the distance between D2D links, the QoS threshold, and the number of D2D links and CUs. In addition, the proposed algorithm is compared with other matching algorithms. The first one is the many-to-one matching algorithm in [28] , in which multiple D2D links multiplex the RB of one CU at most. The second one is the one-toone matching algorithm [13] , where each D2D link is only allowed to operate in the RB of one CU and each RB can only be shared for one D2D link. The last one is the random matching algorithm, in which the D2D links randomly select from the CU's RB for transmission. Despite the difference of the resource matching strategies, the power allocation algorithm proposed in this paper is adopted for these comparison algorithms. Specifically, we also plot the line of exhaustive search method to verify the correctness of the proposed algorithm. 
A. SIMULATION SETUP
Above all, we consider that our simulate network covers a cell area of radius r = 300 m, with one BS, N c CUs and N d D2D links with the same distance d. The BS is located at the center of the cell, and the CUs and D2D links are distributed in the cell randomly and uniformly, as shown in Fig. 1 . Furthermore, taking into account the path loss and Rayleigh fading, the channel gain model between transmitting node u 1 and receiving node u 2 is given as [24] g (u 1 ,u 2 ) = βςL −α (u 1 ,u 2 ) , where is the path loss constant. β and ς are the fast fading gain with exponential distribution and the slow fading gain with log-normal distribution, respectively. α is a constant path loss exponent. L (u 1 ,u 2 ) is the distance between u 1 and u 2 . All of the used simulation parameters in this paper are listed in Table 2 [3] , [17] , [27] in details.
B. CONVERGENCE PERFORMANCE OF THE PROPOSED ALGORITHM
In Fig. 5 , we represent the convergence of the proposed many-to-many matching algorithm with different numbers of iterations. With regard to the proposed many-to-many matching algorithm and the many-to-one matching algorithm in [28] , we can observe that their convergence tendencies are similar, i.e., they converge to stable conditions after limited iterations. The proposed algorithm will converge to a stable result under different system parameters. However, as the RB is directly allocated to one D2D link, one-to-one matching algorithm does not change with the number of iterations. On the contrary, for the many-to-one scenario, the corresponding algorithm will converge to a stable state within only 4 to 5 iterations. In many-to-many scenario, additional 3 to 4 iterations are required for the corresponding algorithm until converge to a stable matching because of the swap operation. In addition, as the proposed algorithm proceeds, the trend of the sum SE initially raises, and then it degrades until it converges to a final state. The reason behind this trend is that we randomly initialize the preference lists of CUs and D2D links, and after the first iteration, the sum SE is significantly improved. Through the swap operation between the D2D links and RBs of CUs, the performance gradually degrades until a stable matching is reached. More specifically, compared with the one-to-one matching, the proposed many-to-many matching algorithm can achieve about 47% performance improvement. Similarly, it can achieve about 5% performance improvement to the many-to-one matching algorithm.
C. EFFECT OF ENERGY HARVESTING RATE
The relationship between the EH rate λ and the sum SE of D2D communications is demonstrated in Fig. 6 . As shown in this figure, with the increase of EH rate, the sum SE of D2D communications increases gradually. The reason is that high EH rate will lead to the phenomenon that the charging process for D2D links becomes fast. Hence, each D2D link can achieve further active time on the average and the RBs of CUs can be multiplexed by more D2D links at the same time. Thus, the sum SE of D2D links will increase with the growing of EH rate λ. Meanwhile, compared with the many-to-one matching algorithm and the random matching algorithm, the sum SE achieved by the many-to-many matching algorithm can be improved by about 6% and 18%, respectively. In addition, the validity of the proposed algorithm can be substantiated unequivocally since it has reached 95% of the exhaustive optimal result.
D. EFFECT OF VARYING D, R c min , N d and N c Values
In Fig. 7 , we present the sum SE of D2D communications as a function of the distance between D2D devices under different algorithms. We can observe that the performance initially improves and then degrades with the increasing distance between D2D links. This trend is because that the distance increase, the interference caused by the D2D links that reuse the same spectrum is decreasing initially. When the fixed value of the distance is reached, i.e., 28 m, it will lead to the higher path loss of D2D transmission, which results in the performance decreasing. Moreover, as shown in the graph, the sum SE of the proposed algorithm is close to the exhaustive optimal result. The proposed algorithm can improve the performance by around 26% and around 5% compared with the random matching algorithm and the manyto-one matching algorithm, respectively. As demonstrated in Fig. 8 , it illustrates the relationship between the sum SE of D2D communications and the number of D2D links with EH under different matching models, respectively. It can be observed that the sum SE of D2D links will be improved with the increase in the number of D2D links due to the multiple diversity gains. However, under the oneto-one matching model, all CUs do not change, and the number of active D2D links is fixed. Hence, increasing the D2D link has slightly affected the sum SE. Moreover, when M c max increases from 4 to 5 in the many-to-many scenario, the sum SE of D2D links is decreased by around 8%. The number of D2D links, which access the same RB, is increasing. Thus, the achievable SE is degraded as the interference received by each device increases. In addition, the proposed algorithm achieves about by 20%, 35% and 420% improvement of the sum SE compared with the many-to-one matching algorithm, random matching algorithm and one-to-one matching algorithm, respectively. Fig. 9 plots the sum SE of D2D communications versus the QoS constraint of the CUs. Obviously, the sum SE decreases as the QoS threshold increases. This finding implies that with the increase in the QoS constraint, the transmit power of D2D links is decreases to control the interference at the CUs. When the transmit power of D2D links is low, the channel fading and noise become further evident and deteriorate the SINR of D2D links. Meanwhile, the proposed algorithm conforms to the previous results, that is, the sum SE can be improved by around 8% compared with the many-to-one matching algorithm, around 39% compared with the random matching algorithm, and it can reach 95% of the exhaustive optimal result. Fig. 10 shows the sum SE of D2D communications versus the number of CUs. We can observe that an increasing trend in the achieved performance when we obtain a relatively large number of CUs. This finding can be explained by the increasing number of RBs which can be occupied by D2D links. For each D2D link, the selection of CUs would become relatively wide, and the probability of matching with numerous preferred CUs becomes relatively high. In addition, as in the above mentioned results, with M c max increasing from 3 to 4, the sum SE achieved by the proposed algorithm is also increasing dramatically because of additional interference exist. As expected, the proposed algorithm achieves the outperforming of the other matching algorithms under all of the possible simulation scenarios, which means that the proposed algorithm improves the sum SE by around 10% compared with the many-to-one matching algorithm, around 27% compared with the random matching algorithm, around 75% compared with the one-to-one matching algorithm.
V. CONCLUSION
We studied the resource allocation scheme to improve the sum SE of the EH aided D2D communications underlying the cellular networks. We formulated the optimization problem ti maximize the sum SE of D2D links considering the harvested energy constraint and QoS requirement under many-to-many spectrum multiplexing scenarios.
We proposed a novel matching-based resource allocation algorithm for the considered system based on the matching game theory because the optimization problem is MINLP. In the proposed algorithm, we initially deduced a many-tomany matching game with externalities and developed the matching algorithm to obtain the stable matching between D2D links and CUs. Then, we further designed the resource allocation algorithm on the basis of the matching result, in which the optimal transmit power and duration time for D2D communications are obtained. Meanwhile, we also theoretically analyzed the properties of the proposed algorithm such as the convergence, stability, and complexity. Finally, we extensively simulated and compared the proposed algorithm with other matching models under various parameter settings, thereby revealing the superiority of the proposed algorithm evidently.
APPENDIX A PROOF OF THEOREM 1
First, we suppose a swap operation making the matching state change from M to M i j ij . According to the Algorithm 1, we can find that a swap operation only occurs when
where ϕ M →M i j ij denotes the difference between the sum SE for D2D communications under the matching state M i j ij and that under the matching state M . Therefore, we can conclude that the sum SE for D2D links increases after each successful swap operation. Due to the limited spectrum resources, the sum SE has an upper bound and the swap operations will finish until the sum SE is soaked. Consequently, the matching process in Algorithm 1 converges to the final state M * within limited number of rounds.
APPENDIX B PROOF OF THEOREM 2
As stated in [19] , the traditional 'pairwise-stability' is difficult to find under many-to-many two-side matching game. We can therefore focus on two-side exchange stable matching, and the define is given as follows, Definition 6: The matching result M * is two-side exchange-stable matching if there is no swap-blocking pair. We would exploit this definition to prove the stability of Algorithm 1.
Assuming M is the final matching and a swap-blocking pair (d j , d j ) exists in it. On the basis of Definition 6, the swap-blocking pair satisfies that ∃x ∈ {d j , d j , c i , c i }, p x (M i j ij ) > p x (M ). (18) That is, the utility can be improved by a unilateral change of its matches. According to the Algorithm 1, the matching process does not terminate until it does not exist swap-blocking pair in this system. However, the matching M is not the final matching which can be changed and conflicts with the condition assumed above. Hence, the terminal matching M generated by Algorithm 1 is two-side exchange stable. 
